A common data fusion framework for space robotics : architecture and data fusion methods by Dominguez, Raul et al.
Dominguez, Raul and Govindaraj, Shashank and Gancet, Jeremi and 
Post, Mark and Michalec, Romain and Oumer, Nassir and Wehbe, Bilal 
and Bianco, Alessandro and Fabisch, Alexander and Lacroix, Simon and 
De Maio, Andrea and Labourey, Quentin and Souvannavong, Fabrice and 
Bissonnette, Vincent and Smisek, Michal and Yan, Xiu (2018) A common 
data fusion framework for space robotics : architecture and data fusion 
methods. In: International Symposium on Artificial Intelligence, Robotics 
and Automation in Space Symposia, 2018-06-04 - 2018-06-06. , 
This version is available at https://strathprints.strath.ac.uk/64166/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 




5DO'RPtQJXH] 6KDVKDQN*RYLQGDUDM  -pUpPL*DQFHW 0DUN3RVW 5RPDLQ0LFKDOHF 1DVVLU:
2XPHU %LODO:HKEH $OHVVDQGUR%LDQFR $OH[DQGHU)DELVFK 6LPRQ/DFURL[ $QGUHD'H0DLR 


















'DWD IXVLRQ DOJRULWKPV SURYLGH D V\VWHP ZLWK WKH       
FDSDFLW\ WR FRPELQH WKH GDWD IURP GLIIHUHQW VHQVRUV DQG        
PHWDGDWD HJ WLPHVWDPSV JHRPHWULF PRGHOV LQWR LQWR      
V\PEROLF UHSUHVHQWDWLRQV OLNH PDSV RU SRVLWLRQ     
HVWLPDWLRQV 6RIWZDUH WKDW LPSOHPHQWV WKHVH DOJRULWKPV     
QHHGV WR SURYLGH D VROXWLRQ WR WKH FKDOOHQJH RI        
DZDUHQHVV XVLQJ PXOWLSOH VHQVRUV IDFHG E\ URERWV DQG       
DXWRQRPRXV V\VWHPV DV ZHOO DV WKH PHDQV WR DFFHVV DQG         
VWRUH WKLV GDWD IRU IXWXUH XVHV 7KH VRIWZDUH FRPPXQLW\        
LQ VSDFH URERWLFV ODFNV D FRPPRQ IUDPHZRUN WR PDNH        
GHYHORSLQJ UHXVLQJ DQG FRPSDULQJ GDWD IXVLRQ VROXWLRQV      
HDVLHU ,Q)XVH SURYLGHV WKDW IUDPHZRUN DQG QRW RQO\ D        
VHW RI GDWD IXVLRQ VROXWLRQV EDVHG RQ VWDWHRIWKHDUW       
DOJRULWKPV EXW DOVR SHUIRUPDQFH PHWULFV WR TXDOLI\      
DOJRULWKPV ,Q)XVH LV GHYHORSHG E\ VL[ LQGXVWULDO DQG       
DFDGHPLF SDUWQHUV ZRUNLQJ LQ WKH VSDFH VHFWRU XQGHU       
WKH VXSHUYLVLRQ RI VHYHUDO (XURSHDQ VSDFH DJHQFLHV      
$6, &'7, &1(6 '/5 (6$ 8. 6SDFH 7KLV SDSHU        
GHVFULEHV WKH DUFKLWHFWXUH DQG WKH PHWKRGV RI WKH URERW        
SHUFHSWLRQ DQG ORFDOL]DWLRQ IUDPHZRUN ,Q)XVH    
2SHUDWLRQDO *UDQW  2* LQ RUGHU WR SURYLGH WKH        





,Q WKH FRQWH[W RI DUWLILFLDO LQWHOOLJHQFH DSSOLHG WR VSDFH        
URERWLFV FRPPRQ HYDOXDWLRQ DQG GHSOR\PHQW    
IUDPHZRUNV DUH FUXFLDO IRU HIILFLHQWO\ GHYHORSLQJ     
UHOLDEOH URERWLF VROXWLRQV 4XDOLILFDWLRQ RI VRIWZDUH IRU      
VSDFH LV LQGHHG KLJKO\ GHPDQGLQJ 0HWKRGV DQG WRROV       
WKDW PDNH LW HDVLHU WR GHYHORS VRIWZDUH IRU VSDFH DQG         
HYDOXDWH LW DV HDUO\ DV WKH SURWRW\SH VWDJHV DUH KLJKO\         
YDOXDEOH 7KLV LV WKH PRWLYDWLRQ RI WKH (XURSHDQ       
&RPPLVVLRQ
V +RUL]RQ  6WUDWHJLF 5HVHDUFK &OXVWHU     
LQ 6SDFH 5RERWLFV ZKLFK FRPSULVHV VHYHUDO SURMHFWV WR       
GHYHORS RSHQ PRGXODU DQG UHXVDEOH VROXWLRQV LQ WKH       
GRPDLQV RI 5RERWLF &RQWURO 2SHUDWLQJ 6\VWHPV 5&26      
2* >@>@ $XWRQRP\ 2* >@ 3HUFHSWLRQ DQG      
/RFDOL]DWLRQ2*>@DQG6HQVLQJ2*>@
2XU &')) IUDPHZRUN KDV EHHQ GHVLJQHG WR KDQGOH WKH        
FKDOOHQJHV WKDW GHYHORSLQJ DQG LQWHJUDWLQJ VHQVRU GDWD      
IXVLRQ VROXWLRQV SRVH LQ D VSDFH FRQWH[W  LW ZLOO EH          
FRPSOLDQW ZLWK WKH UHTXLUHPHQWV WKDW VSDFH JUDGH      
VRIWZDUH LPSRVH DW LQWHUIDFH OHYHO DQG SDUWLDOO\      
FRQIRUPV WR OLIHF\FOH DQG FRGLQJ JXLGHOLQHV EDVHG RQ       
(&66(67& VWDQGDUGV (XURSHDQ &RRSHUDWLRQ IRU    
6SDFH 6WDQGDUGL]DWLRQ  LW ZLOO EH HDVLO\ GHSOR\DEOH       
LQ (652&26 >@>@ WKDW XVHV 7$67( PRGHOLQJ >@         
LW ZLOO EH H[SHULPHQWDOO\ YDOLGDWHG E\ RXU SRUWLQJ RI        
VHOHFWLYH 'DWD )XVLRQ 1RGHV ')1V DQG 3URFHVVLQJ      
&RPSRXQGV ')3&V WR 57(06 DQG  LW ZLOO EH        
YDOLGDWHG LQ D SDUWLDOO\ KDUGZDUHDFFHOHUDWHG VHWXS ZLWK      
VRPH GDWD IXVLRQ SURFHVVLQJ WDNLQJ SODFH RQ D )3*$        
FRSURFHVVRUHJ;LOLQ[=\QT6R&
$OWKRXJK RXU IUDPHZRUN LV GHVLJQHG WDUJHWLQJ VSDFH      
URERWLFV RQH RI RXU GHVLJQ JXLGHOLQHV LV DOVR WR IDFLOLWDWH         
LWV LQWHJUDWLRQ ZLWK 5&26HV RWKHU WKDQ (652&26 LQ       
SDUWLFXODU ZLWK 52&. DQG WKH ZLGHO\XVHG 526      
)XUWKHUPRUH LW FRPHV ZLWK WRROV WKDW PDNH LW SRVVLEOH WR         
HYDOXDWH SHUFHSWLRQ DQG ORFDOL]DWLRQ PRGXOHV ZLWK     
IUDPHZRUNLQGHSHQGHQW ORJJHG GDWD DQG ZLWKRXW XVLQJ     
DQ\ 5&26 7KHVH WZR SRLQWV PDNH LW      
5&26LQGHSHQGHQW DQG WKHUHIRUH VXLWDEOH IRU PDQ\     
WHUUHVWULDO DSSOLFDWLRQV ZLWK PLQLPDO PRGLILFDWLRQ    
)XUWKHUPRUH WKH &')) DIWHU LWV LQLWLDO GHYHORSPHQW ZLOO       


EH DYDLODEOH IRU WKH JHQHUDO SXEOLF DV RSHQ VRXUFH        
SURMHFW7KXVWKHSRWHQWLDOXVHUVRIVXFK
6HFWLRQ  LQWURGXFHV WKH DUFKLWHFWXUH GHVLJQ RI WKH       
IUDPHZRUN KHUH WKH PDLQ FRQFHSWXDO FRPSRQHQWV DV      
ZHOO DV LWV FRUUHVSRQGHQW VRIWZDUH PRGXOHV DUH      
SUHVHQWHG 6HFWLRQ  SUHVHQWV WKH OLVWV RI 'DWD )XVLRQ        
3URFHVVLQJ &RPSRXQGV ')3& WKDW ZLOO EH DYDLODEOH LQ       
,Q)XVH DORQJ ZLWK DQ H[DPSOH IRU RQH RI WKHP 6HFWLRQ         
 GHVFULEHV WKH DQDORJ PLVVLRQV WKDW ZLOO EH H[HFXWHG LQ         





7KH 'DWD )XVLRQ 1RGH ')1 FRQFHSW LV LQ WKH FRUH RI          
WKH DUFKLWHFWXUH ')1V DUH WKH SURFHVVLQJ XQLWV IRU GDWD        
IXVLRQ ')1V DUH GHVLJQHG WR EH UHXVDEOH DQG DWRPLF        
DQG WKHUHIRUH PLJKW UHTXLUH IRU D GDWD SURGXFW       
FRQVWUXFWLRQ WKH FRQQHFWLRQ DQG FRRUGLQDWLRQ ZLWK RWKHU      
')1V 'DWD )XVLRQ 3URFHVVLQJ &RPSRXQGV ')3&V     
DUH VSHFLDOL]HG VWUXFWXUHV RI ')1V ZKLFK DUH LQWHUQDOO\       
FRQWUROOHG DQG FDQ LQFOXGH ORFDO VWRUDJH RI      
VSDWLRWHPSRUDOGDWD
7KH ZKROH IUDPHZRUN DFWLYLW\ LV FRQWUROOHG E\ WKH       
2UFKHVWUDWRU ZLWK FDSDELOLW\ WR DFWLYDWH RU GHDFWLYDWH WKH       
GLIIHUHQW ')3&V DYDLODEOH 7KH ODVW PDLQ FRPSRQHQW RI       
WKH DUFKLWHFWXUH LV WKH &HQWUDO 'DWD 3URGXFW 0DQDJHU       
ZKLFK FDQ VWRUH DQG DFFHVV XQGHU UHTXHVW IURP WKH        










2XU IUDPHZRUN LV PDGH XS RI WKUHH FRPSRQHQW JURXSV        
 &'))&RUH FRPSULVHV WKH ')1V  &'))6XSSRUW      
SURYLGHV WKH WRROV WR FRQQHFW WKHVH LQWR ')3&V       
RUFKHVWUDWH WKHLU RSHUDWLRQ DQG PDQDJH WKHLU GDWD      
SURGXFWV DQG  &'))'HY LV DQ HQYLURQPHQW IRU       
GHYHORSLQJ DQG HYDOXDWLQJ GDWD IXVLRQ VROXWLRQV     





$ ')1 LV DQ DWRPLF SURFHVVLQJ HQWLW\ WKDW IXOILOOV D         
JLYHQ EDVLF IXQFWLRQ ,W LV WKH VPDOOHVW XQLW RI D FRPSOH[          
WDVN GHILQHG E\ LWV IXQFWLRQ LQSXW DQG RXWSXW +RZHYHU        
D ')1 FDQ EH GHILQHG E\ D FRPELQDWLRQ RI HOHPHQWDU\         
IXQFWLRQV ZKLFK PD\ QRW H[SRVH WKHLU LQSXWRXWSXW $       
')1 H[KLELWV WZR FRQWURO LQWHUIDFHV  FRQILJXUH VHWV       
DOO WKH FRQILJXUDWLRQ SDUDPHWHUV RI WKH ')1 ZKLOH         
SURFHVV FDOOV OLEUDU\ IXQFWLRQV WR FRPSXWH WKH RXWSXWV       
RIWKH')1
7KH LQWHUIDFH RI WKH ')1 KDV EHHQ GHVLJQHG WR EH         
FRPSDWLEOH ZLWK WKH 5&26 (652&26 1HYHUWKHOHVV LQ      
WKH FDVHV GHYHORSHG ')1V ZLOO QRW EH GHSOR\HG DV        
VLQJOH(652&26PRGXOHV
$ ')1 7HPSODWH WR LQFRUSRUDWH WKH NQRZOHGJH      
UHJDUGLQJ HDFK ')1 KDV EHHQ GHVLJQHG 7KH WHPSODWHV       
DOORZ IRU DQ HIILFLHQW PDQDJHPHQW RI DOO H[LVWLQJ ')1        
7KHVH WHPSODWHV DUH DYDLODEOH RQ WKH GHOLYHUDEOHV      
FRUUHVSRQGLQJ WR WKH 2UELWDO DQG 3ODQHWDU\ 7UDFN 7HVW       
3ODQV > @ 7KH ')1 7HPSODWH LQFRUSRUDWHV WKH       
IROORZLQJ LQIRUPDWLRQ  *HQHULF 'HVFULSWLRQ      
,QSXWV DQG 2XSXWV GDWD  ,QSXWV 3DUDPHWHUV        
(VWLPDWHG SHUIRUPDQFH DQG FRVW  ([WHUQDO OLEUDU\      





7KH &')) 6XSSRUW FRQVLVWV RI D VHW RI FRPSRQHQWV        
GHVLJQHG WR UXQ RQ WKH WDUJHW V\VWHP DORQJ ZLWK WKH         
')1V 7KHVH FRPSRQHQWV SURYLGH VXSSRUWLQJ WRROV WR      
XVH PXOWLSOH ')1V WRJHWKHU DQG LQ D FRRUGLQDWHG       
IDVKLRQ
)XUWKHUPRUH &'))6XSSRUW SURYLGHV WKH 'DWD    
3URGXFWV 0DQDJHU '30 ZKLFK VWRUHV D FRQVLVWHQW      
UHSUHVHQWDWLRQ RI WKH HQYLURQPHQW D KLVWRU\ RI DFTXLUHG       
SUHSURFHVVHG VHQVRU GDWD HVWLPDWHG SRVHV DQG D      
VHOHFWLRQ RI WKH JHQHUDWHG IXVHG GDWD SURGXFWV WR GHOLYHU        
WKHP XQGHU UHTXHVW WR 2* 7KH WKUHH PDLQ FRPSRQHQWV        












(DFK ')3& LV FKDUDFWHUL]HG E\ LWV IXQFWLRQDOLW\ WKH       
GDWDVWUHDPV WKDW LW UHFHLYHV DQG SURGXFHV WKH RSHUDWLRQV       
WKDW FDQ H[HFXWH RQ GHPDQG WKH ')1V LW XVHV DQG KRZ          
WKHVH DUH FRQILJXUHG DQG VHWXS $ ')3& GHVFULSWLRQ       
WHPSODWH WR LQFOXGH WKH LQIRUPDWLRQ UHJDUGLQJ D ')3&       
7KH ILHOGV RI D ')3& WHPSODWH DUH 'DWD )ORZ        



























7KH RUFKHVWUDWRU KDV WKH PDLQ WDVN RI UHFHLYLQJ TXHULHV        
IURP WKH $XWRQRP\ )UDPHZRUN 2* DFWLYDWH DQG      
SURYLGH WKH IXVHG GDWD SURGXFWV WR 2* ,W DFWV DV WKH          
FHQWUDO FRRUGLQDWRU LQ WKH WDUJHW V\VWHP WR FRQWURO WKH        
DFWLYDWLRQ VWDWHV RI ')3&V 7KH RUFKHVWUDWRU KDV WKH       
IROORZLQJ IXQFWLRQV  ,QWHUIDFH EHWZHHQ 2*2*     
 7UDQVODWH WKH SHUFHSWLRQ DQG ORFDOL]DWLRQ GDWD LQWR       
WKH IRUPDW UHTXLUHG E\ 2*  ,QWHUIDFH ZLWK 2*        
,QVWUXPHQW &RQWURO 8QLW ,&8 WR FRQILJXUH D OLPLWHG VHW        
RI RSHUDWLRQDO PRGHV  ,QWHUIDFH ZLWK WKH 'DWD       
3URGXFW 0DQDJHPHQW '30 WRRO DQG SURYLGH     
PHFKDQLVPV IRU TXHU\LQJ IXVHG GDWD SURGXFWV DQG        
$FWLYDWLRQ DQG GHDFWLYDWLRQ RI ')3&V DFFRUGLQJ WR GDWD       
SURGXFW UHTXHVWV DQG RSHUDWLRQDO PRGHV RI WKH VHQVRUV       
'RHVQRWLQWHUIHUHZLWKLQWKH')3&GHFLVLRQPDNLQJ
7KH UROH RI WKH '30 LV WR KDQGOH WKH VHOHFWLRQ         
VWUXFWXULQJ DQG VWRUDJH RI DOO WKH GDWD SURFHVVHG RU        
SURGXFHG E\ WKH &')) WKDW PD\ EH UHXVHG HLWKHU        
LQWHUQDOO\ E\ 2* SURFHVVHV RU WR VDWLVI\ 2* UHTXHVWV        
$GGLWLRQDOO\ LW LV WKH LQWHUIDFH WKURXJK ZKLFK URERWV       
H[SRVH DQG UHWULHYH WKH &')) GDWD SURGXFWV LQ       
PXOWLURERW VFHQDULRV DQG DOVR WKH LQWHUIDFH WKURXJK      
ZKLFK JURXQG RSHUDWRUV FDQ DFFHVV WKH &')) GDWD       
SURGXFWV 7KH '30 FDQ EH VHHQ D URERWLFVGHGLFDWHG       
*HRJUDSKLF ,QIRUPDWLRQ 6\VWHP *,6 :LWK UHVSHFW WR      
WKH DFWLYDWHG ')1V DQG ')3&V LQ WKH &')) WKH '30         
SURFHVVHV WKH GDWD LQVHUWLRQ UHTXHVWV ,QWHUQDOO\ LW      
PDQDJHV DOO WKH VSDWLDO UHODWHG GDWD E\ LPSOHPHQWLQJ       
LQVHUWLRQ GHOHWLRQ RU XSGDWH IXQFWLRQV DLPLQJ DW      





&'))'HY SURYLGHV WRROV IRU WHVWLQJ DQG SURWRW\SLQJ      
GDWD IXVLRQ VROXWLRQV LQGHSHQGHQW RI WKH WDUJHW 5&26       
7KDW LQFOXGHV D WRRO WR UHSOD\ YLVXDOL]H DQG DQDO\]H        
ORJV LQ 3\WKRQ DQG D IUDPHZRUN WR GHYHORS DQG WHVW         
QHZ ')1V WKDW XVH VLJQDO SURFHVVLQJ RU PDFKLQH       
OHDUQLQJ DOJRULWKPV LQ SDUWLFXODU IRU GDWD ILOWHULQJ DQG       
RXWOLHU GHWHFWLRQ 1RQH RI WKHVH WRROV DUH GHSOR\HG RQ        
WKH WDUJHW V\VWHP ,Q DGGLWLRQ FRGH JHQHUDWRUV IRU ')1        
DQG ')3& VFDIIROGV DQG FRUUHVSRQGLQJ 3\WKRQ ELQGLQJV      
DUH SURYLGHG 7KH\ DUH WRROV IRU GHYHORSHUV RI GDWD        
IXVLRQVROXWLRQV
7KH ILUVW VWHS WR HYDOXDWH RU LPSOHPHQW D ')1 RU ')3&          
XVLQJ &'))'HY LV WR JHQHUDWH D ')1 RU ')3&        
GHVFULSWLRQ ILOH IURP WKH ')1 RU ')3& WHPSODWH       
GHVFULEHG LQ 6HFWLRQV  DQG  )URP WKH GHVFULSWLRQ        
ILOH WKH FRGH RI WKH LQWHUIDFH LV DXWRJHQHUDWHG $V DQ         


H[DPSOH )LJXUH  D VKRZV WKH ')1 GHVFULSWLRQ ILOH LQ         
<$0/ IRUPDW DQG )LJXUH  E GLVSOD\V WKH DUWLIDFWV WKDW         
DUH FUHDWHG E\ WKH ')1 FRGH JHQHUDWRU IURP WKLV ')1         
GHVFULSWLRQ ILOH ')3& GHVFULSWLRQ ILOHV FDQ LQFOXGH      
VRPH DGGLWLRQDO LQIRUPDWLRQ IRU H[DPSOH LQWHUQDO     
FRQQHFWLRQV EHWZHHQ ')1V EXW WKH ')3& FRGH      
JHQHUDWRU ZRUNV H[DFWO\ LQ WKH VDPH ZD\ 7KH 3\WKRQ        
ELQGLQJV IRU ')1V DQG ')3&V DUH JHQHUDWHG DV &\WKRQ        
ILOHV WKDW DUH FRPSLOHG WR &3\WKRQ H[WHQVLRQV %LQGLQJV       
IRU ,Q)XVH GDWD W\SHV DUH DOUHDG\ SURYLGHG WR PDNH WKH         
SURWRW\SLQJ RI ')1V DQG ')3&V PRUH FRQYHQLHQW LQ       
3\WKRQ %LQGLQJV IRU RWKHU GDWD W\SHV PXVW EH       
LPSOHPHQWHG PDQXDOO\ EXW FRXOG EH JHQHUDWHG     
DXWRPDWLFDOO\ IURP DQ DEVWUDFW V\QWD[ WUHH $67 RI WKH        



























')1V DQG ')3&V LQWHUIDFHV DUH NHSW DV PLQLPDO DV        
SRVVLEOH WR HDVH LQWHJUDWLRQ WR DQ\ WDUJHW 5&26 7KH        
RQO\ GHSHQGHQFLHV DUH FRPPRQ EDVH FODVVHV IRU ')1V       
RU ')3&V DQG WKH W\SHV WKDW DUH XVHG DV LQSXWV DQG          
RXWSXWV 7KLV DOVR VLPSOLILHV WKH LQWHJUDWLRQ LQ WKH ORJ        
UHSOD\WRRORI&'))'HY
7HVWLQJ ')1V RU ')3&V RIIOLQH ZLWK ORJ GDWD LV        
SRVVLEOH ZLWK WKH SURYLGHG 3\WKRQ ELQGLQJV /RJV DUH       
UHSOD\HG ZLWK D GDWD IORZ FRQWURO PRGXOH WKDW HPXODWHV        
WKH FRPPXQLFDWLRQ OD\HU RI DQ 5&26 DQG D ORJ SOD\HU         
WKDW UHSOD\V ORJJHG GDWD FKURQRORJLFDOO\ 7ZR HVVHQWLDO      
HOHPHQWV DUH QHHGHG IRU D XVHU WR EH DEOH WR UHSOD\ GDWD           
ORJV IURP D GHVLUHG 5&26  D FRQYHUVLRQ IURP WKH         
GDWD ORJ IRUPDW XVHG E\ WKH 5&26 WR DQ LQWHUPHGLDWH         
IRUPDW WKDW LV XVHG E\ ,Q)XVH DQG  D GDWDW\SH         
FRQYHUVLRQIURPWKH5&26WR,Q)XVHGDWDW\SHV
0HVVDJH3DFN LV WKH LQWHUPHGLDWH ORJ ILOH IRUPDW WKDW       
FDQ EH KDQGOHG E\ &'))'HY $Q H[DPSOH RI WKH        
LQWHUPHGLDWH ORJ IRUPDW LV VKRZQ LQ )LJ  $ FRQYHUWHU         
IURP 52&.¶V ORJ IRUPDW SRFRORJ LV DOUHDG\ DYDLODEOH       
DQG D 52&. EDVHW\SHV WR ,Q)XVH GDWD W\SHV LV XQGHU         




UHSRVLWRULHV WR HDVH LWV UHXVH EHWZHHQ GHYHORSHUV 7KH       
LQWHUPHGLDWH ORJ IRUPDW FDQ EH ORDGHG DV ,Q)XVH W\SHV        
& ZUDSSHG LQ 3\WKRQ 7KHVH ZLOO EH JLYHQ DV LQSXW         
WRWKH3\WKRQLQWHUIDFHRI')1VRU')3&V
7R UHSOD\ ORJ ILOHV WKH XVHU ZRXOG SURYLGH WKH SDWK WR          
WKH ORJJHG GDWD :KLOH UHSOD\LQJ ORJ GDWD DQ       
RUFKHVWUDWRU FDQ VXJJHVW ZKLFK ')3&V VKRXOG EH      
DFWLYDWHG RU GHDFWLYDWHG ,W ZLOO DQDO\]H LQFRPLQJ ORJ       
GDWD DQG WKH RXWSXW RI HDFK DFWLYH ')3& 7KH        
RUFKHVWUDWRU LQ WKH ILQDO GHSOR\HG VHWWLQJ UHFHLYHV      
UHTXHVWV IURP WKH $XWRQRP\ )UDPHZRUN VHH )LJ          
:KHQ WHVWLQJ RQ &'))'HY WKH XVHU RU D VFULSW        
JHQHUDWHV WKLV UHTXHVWV 7KH 2UFKHVWUDWRU WKHQ DFWLYDWHV      
WKH ')3&V WKDW SURGXFH WKH UHTXHVWHG GDWD SURGXFWV RU        
WULJJHUV WKH RSHUDWLRQV WKDW JHQHUDWH WKHP $GGLWLRQDOO\      
WKH RUFKHVWUDWRU FDQ VWRUH WKH GDWD LQ WKH &HQWUDO 'DWD         
3URGXFW0DQDJHUIRUODWHUDFFHVV
7KH FXUUHQW VWDWH RI WKH V\VWHP LV VWRUHG LQ DQ (QYL5H          
JUDSK >@ ZKLOH UHSOD\LQJ ORJ GDWD (QYL5H SURYLGHV       
YDULRXV WRROV WR VWRUH DQG KDQGOH HQYLURQPHQW      
UHSUHVHQWDWLRQV 7KLV GDWD VWUXFWXUH FDQ EH GLVSOD\HG      
ZLWK WKH (QYL5H YLVXDOL]HU 2EMHFWV IRU ZKLFK D       
YLVXDOL]DWLRQ KDV EHHQ LPSOHPHQWHG FDQ EH GLVSOD\HG      
ZLWK WKH (QYL5H YLVXDOL]HU IRU H[DPSOH SRLQW FORXGV       
ODVHUVFDQVRUSRVHV
)RU WKH GHYHORSPHQW DQDO\VLV DQG FRPSDULVRQ RI QHZ       
')1V WKDW XVH VLJQDO SURFHVVLQJ RU PDFKLQH OHDUQLQJ       
DOJRULWKPV WKH IUDPHZRUN S\63$&( >@ LV LQWHJUDWHG LQ       
&'))GHY /RJ ILOHV FDQ EH DQQRWDWHG ZKLOH UHSOD\LQJ       
ORJ ILOHV DQG FRQYHUWHG WR D IRUPDW WKDW FDQ EH XVHG E\           
S\63$&( S\63$&( SURYLGHV QXPHURXV DOJRULWKPV IRU     
VLJQDO SURFHVVLQJ DQG PDFKLQH OHDUQLQJ 7KH\ FDQ HDVLO\       




























$V SDUW RI RXU ZLOO WR DGGUHVV D ODUJH FRPPXQLW\ RI          
XVHUV DQG HDVH WKH WHFKQRORJLFDO WUDQVIHU IURP 5	'       
VWXGLHV WR VSDFH SURGXFWV WKH &')) RIIHUV D FRQYHQLHQW        
ZD\ WR LQWHJUDWH ')1')3& LQWR PDMRU RSHQ VRXUFH       
URERWLFV PLGGOHZDUHV QDPHO\ 526 52&. *HQR0     
>0$/@ DQG <$53 >3$,@ 7KH FRUH RI WKH SURSRVHG        
DSSURDFK LV WR XVH $61 WR VSHFLI\ GDWD VWUXFWXUHV DQG         
ELQDU\ VHULDOLVDWLRQ PHFKDQLVPV LPSOHPHQWHG LQ    
$616&& $Q RSHQ VRXUFH $61 FRPSLOHU IRU      
HPEHGGHG V\VWHPV >0$0@ WR H[FKDQJH GDWD     
EHWZHHQFRPSRQHQWVDQGDOVRDFURVV5&26
7R LQVXUH WKH FRPSDWLELOLW\ EHWZHHQ 5&26 DQG      
SURJUDPPLQJ ODQJXDJHV OLNH & S\WKRQ MDYDVFULSW     
« D FRPPRQ DQG EDVLF 526 PHVVDJH      
DVQBELWVWUHDPPVJ KDV EHHQ GHILQHG WR    
WUDQVSRUW WKH VHULDOLVHG $61 GDWD VWUXFWXUHV $OPRVW      
DOO 5&26 SURYLGH VRPH FRPSDWLELOLW\ ZLWK 526      
PHVVDJHV DQG FRPPXQLFDWLRQ SURWRFRO DQG VKRXOG EH      












7KH 8QDOLJQHG 3DFNHG (QFRGLQJ 5XOHV 83(5 DUH      
XVHG E\ GHIDXOW IRU DQ RSWLPDO FRPSDFWQHVV DQG       
HQFRGLQJ HIILFLHQF\ ZLWK ORZ PHPRU\ DQG &38      
IRRWSULQWV +RZHYHU %DVLF (QFRGLQJ 5XOHV %(5 RU      
;0/ (QFRGLQJ 5XOHV ;(5 FRXOG EH XVHG WR IDFLOLWDWH        
FRPPXQLFDWLRQV ZLWK GLIIHUHQW SURJUDPPLQJ ODQJXDJHV    




)LJXUH  &')) LQWHJUDWLRQ SULQFLSOH LQ DQ      
KHWHURJHQHRXV HQYLURQPHQW RI 5&26 $ VLPSOH 526      





7KLV KDV EHHQ DSSOLHG WR *HQR0 ZLWK 526 DQG <$53         
DQG VKRZQ DOO WKH H[SHFWHG EHQHILWV 0RUHRYHU WKH XVH        
RI <$53 DOORZV WR JR HYHQ IXUWKHU WRZDUGV DQ RSWLPDO         
LQWHJUDWLRQ DV LWV DOORZV ORFDO FRPPXQLFDWLRQ LQ WKDW       
SDUWLFXODU FDVH $61 GDWD VWUXFWXUHV DUH H[FKDQJHG      
ZLWKRXWDQ\VHULDOLVDWLRQ
7KH NH\ DGYDQWDJHV RI WKH SURSRVHG PHWKRG DUH       
PDQLIROG  FOHDU GDWD W\SH  LQWHUIDFH PDQDJHPHQW ZLWK        
$61 VPRRWK LQWHJUDWLRQ HIIRUW LQ 5&26 ZLWK $61       
HQDEOH LQWHU 5&26 FRPPXQLFDWLRQV IDYRU WKH     






7KH ,Q)XVH IUDPHZRUN ZLOO EH GHPRQVWUDWHG E\ WKH       
GHYHORSPHQWRIWKHIROORZLQJ')3&V
' (QYLURQPHQW 5HFRQVWUXFWLRQ LPDJHV FROOHFWHG E\ D      
VWHUHR RU PRQR FDPHUD DUH SURMHFWHG LQ G FRRUGLQDWHV        
DQG PHUJHG WRJHWKHU E\ HVWLPDWLRQ RI DQ DSSURSULDWH       
WUDQVIRUP
6KRUW DQG 0HGLXP 5DQJH 2EMHFW 'HWHFWLRQ G IHDWXUHV       
DUH H[WUDFWHG IURP WKH HQYLURQPHQWDO G PDS DQG D G         
PRGHO RI WKH REMHFW WKHLU PDWFKLQJ LGHQWLILHV WKH REMHFW        
DQGLWVSRVLWLRQ
6KRUW DQG 0HGLXP 5DQJH 2EMHFW 7UDFNLQJ D .DOPDQ       





























 ')3&  0LG DQG &ORVHUDQJH 7DUJHW      
'HWHFWLRQ 
 ')3&  0LG DQG &ORVHUDQJH 7DUJHW      
7UDFNLQJ 
')3&/,'$5EDVHG7UDFNLQJRID7DUJHW













 'HWDLOHG H[DPSOH RI D ')3& LQFOXGLQJ WKH       
LQIRUPDWLRQ WKDW LV FRQWDLQHG LQ WKH GHVFULSWLRQ ILOH       
&RQQHFWLRQV ')1V DQG KRZ WKH\ FRQQHFW VHUYLFHV WKDW       
SURYLGHVVHUYLFHVWKDWFDQUHTXLUH







7KH &')) SHUFHSWLRQ DQG ORFDOL]DWLRQ VROXWLRQV ZLOO EH       
GHPRQVWUDWHG LQ GHGLFDWHG IDFLOLWLHV DV ZHOO DV LQ VSDFH        
DQDORJ VFHQDULRV GHVLJQHG WR YDOLGDWH DQG YHULI\ WKHP       







)RU WKH RUELWDO VFHQDULRV WKH LQWHJUDWHG VRIWZDUH ZLOO EH        
GHSOR\HG RQ VSHFLDOL]HG WHVW SODWIRUPV IRU HDFK      
UHQGH]YRXVRQRUELW VHUYLFLQJ DQG SODQHWDU\   
H[SORUDWLRQ ,W FRQVLVWV LQ WKUHH PDLQ ')3&V GHWHFWLRQ       
WUDFNLQJ DQG UHFRQVWUXFWLRQ DW YDULRXV UDQJHV 7KHVH      
')3&V UHO\ RQ WKH GDWD REWDLQHG PDLQO\ IURP D FDPHUD         
D /,'$5 ,08 RU FRPELQDWLRQ RI WKHP ,Q RUGHU WR         
YDOLGDWH WKH SHUIRUPDQFH ZH VLPXODWH PRWLRQ     
WUDMHFWRULHV RI YDULRXV W\SH OLQHDU VSLQQLQJ WXPEOLQJ      
WDUJHW PRWLRQ XQGHU GLIIHUHQW VSDFH OLJKWLQJ FRQGLWLRQV      
QRPLQDOXQGHULOOXPLQDWHG YHULOOXPLQDWHG 7KHVH  
FRQGLWLRQV GHSHQG RQ WKH GLUHFWLRQ RI WKH VXQ ZLWK        
UHVSHFW WR WKH VHQVRU PDLQ D[LV XVLQJ RQJURXQG       
VLPXODWLRQ IDFLOLW\ >@ VKRZQ LQ )LJ;;  7KH      
UHQGH]YRXV DQG RQRUELW VHUYLFLQJ VLPXODWRU FRQVLVWV RI      
D PRFNXS LQFOXGLQJ D VHUYLFHU DQG D WDUJHW VDWHOOLWH        
PRXQWHG RQ D VL[ GHJUHHV RI IUHHGRP .XND URERWV DQG D          
VXQ VLPXODWRU $ URERWLF DUP LV DOVR PRXQWHG RQ WKH         
VHUYLFHU VDWHOOLWH IRU RQRUELW VHUYLFLQJ WDVNV VXFK DV       
FDSWXULQJ WKH WDUJHW DQG UHIXHOLQJ 7KH DUP LQFRUSRUDWHV       
VWHUHR FDPHUDV WKDW DUH XVHG IRU WKH FORVHUDQJH ')3&        













7KH &')) ZLOO SURYLGH VWDWHRIWKHDUW DOJRULWKPV WR      
LPSOHPHQW QHFHVVDU\ SHUFHSWLRQ ORFDOLVDWLRQ DQG    
QDYLJDWLRQ IXQFWLRQV IRU SODQHWDU\ H[SORUDWLRQ URYHUV     
)RXU IXQFWLRQDO XVH FDVHV ZLOO VXVWDLQ WKH GHYHORSPHQW       
RI DOJRULWKPV LQ WKH SURMHFW  ORQJ WUDYHUVH ORFDOLVDWLRQ        
ORQJ WUDYHUVH QDYLJDWLRQ UHQGH]YRXV DQG UHWXUQ WR      
EDVH (DFK XVH FDVH LQYROYHV D OLPLWHG VHW RI NH\         
IXQFWLRQVWKDWZLOOEHHYDOXDWHG
7KH SODQHWDU\ VFHQDULR IRFXVHV RQ ORFDOL]DWLRQ DQG      
PDSSLQJ ZLWKLQ SODQHWDU\ HQYLURQPHQWV 7KH VHQVRUV     
XVHG LQFOXGH VWHUHR YLVLRQ /,'$5 DQG LQHUWLDO      
PHDVXUHPHQW 1DYLJDWLRQ RYHU ORQJ GLVWDQFHV LV HQDEOHG      
ZLWK ')3&V IRU ORFDOL]DWLRQ DQG IRU SURGXFWLRQ RI D        
'LJLWDO (OHYDWLRQ 0DS RYHU ORQJ GLVWDQFHV aNP      
JXLGDQFH WR D GHILQHG REMHFWLYH SRLQW RQ WKH PDS DQG         
UHQGH]YRXV ZLWK D WDUJHW WKHUH DQG UHWXUQWREDVH      
IXQFWLRQDOLW\ RQFH WKH DERYH REMHFWLYHV DUH PHW ,Q       
DGGLWLRQ ')3&V SURYLGH WKH FDSDELOLW\ WR EXLOG '       
SRLQW FORXG HQYLURQPHQW PRGHOV LQFUHPHQWDOO\ WKURXJK     
VWUXFWXUHIURPPRWLRQDQG6/$0PHWKRGV
'HPRQVWUDWLRQV RI SODQHWDU\ VFHQDULRV DUH SODQQHG DW      
&1(6 DQG '/5 IDFLOLWLHV ZLWK DFFXUDWH JURXQG WUXWK RI        
WKH WHUUDLQ DQG WKH URERW DV ZHOO DV RQ WKH GHVHUW RI           
0RURFFR 7KHVH ZLOO LQYROYH  GLIIHUHQW URYHUV IURP       






















$GG DSSHQGLFHV LI DQ\ $SSHQGLFHV DSSHDU EHIRUH WKH       
DFNQRZOHGJPHQW






>@ 2XPHU 1: HW DO  2UELWDO 5HIHUHQFH       
,PSOHPHQWDWLRQ DQG $VVRFLDWHG (*6( 'HWDLOHG 'HVLJQ     
'HOLYHUDEOH  RI WKH +RUL]RQ  ,Q)XVH 3URMHFW       
85/KWWSVZZZKLQIXVHHXGRFXPHQWV
>@ 6RXYDQQDYRQJ ) HW DO  3ODQHWDU\ 5HIHUHQFH       
,PSOHPHQWDWLRQ DQG $VVRFLDWHG (*6( 'HWDLOHG 'HVLJQ     
'HOLYHUDEOH  RI WKH +RUL]RQ  ,Q)XVH 3URMHFW       
85/KWWSVZZZKLQIXVHHXGRFXPHQWV
>@ 1$6$&DOWHFK -3/ 0DUV ([SORUDWLRQ 5RYHUV 85/      
KWWSPDUVURYHUVMSOQDVDJRYKRPHLQGH[KWPO
>@ ,VKLJDPL *  7HUUDPHFKDQLFV%DVHG $QDO\VLV     
DQG &RQWURO IRU /XQDU3ODQHWDU\ ([SORUDWLRQ 5RERWV     
3K' 7KHVLV 'HSDUWPHQW RI $HURVSDFH (QJLQHHULQJ     
7RKRNX 8QLYHUVLW\ 6HQGDL -DSDQ *RRJOH 6FKRODU     

>@ %HNNHU 0*  ,QWURGXFWLRQ WR     
7HUUDLQ9HKLFOH 6\VWHPV 8QLYHUVLW\ RI 0LFKLJDQ 3UHVV     
$QQ $UERU 0LFKLJDQ *RRJOH %RRNV    
Y-F22$$$&$$- 
>@ +LGDOJR &DUULy - $UQROG 6 %|FNPDQQ $ %RUQ        
$ 'RPtQJXH] 5 +HQQHV ' +HUW]EHUJ &      
0DFKRZLQVNL - 6FKZHQGQHU - <RR <+ .LUFKQHU )       
 (QYL5H (QYLURQPHQW 5HSUHVHQWDWLRQ IRU    
/RQJWHUP $XWRQRP\ ,Q :RUNVKRS RQ $UWLILFLDO     
,QWHOOLJHQFH IRU /RQJ7HUP $XWRQRP\ ,QWHUQDWLRQDO    
&RQIHUHQFH RQ 5RERWLFV DQG $XWRPDWLRQ ,&5$     
6WRFNKROP 6ZHGHQ  0D\  85/     
KWWSVVLWHVJRRJOHFRPVLWHLFUDDLOWD
>@ .UHOO 00 6WUDXEH 6 6HHODQG $ :|KUOH +        


7HLZHV - 0HW]HQ -+ .LUFKQHU ($ .LUFKQHU )       
 S\63$&( $ 6LJQDO 3URFHVVLQJ DQG     
&ODVVLILFDWLRQ (QYLURQPHQW LQ 3\WKRQ )URQWLHUV LQ     
1HXURLQIRUPDWLFV  30,'  '2,    
IQLQI *RRJOH 6FKRODU  

>0$0@ 0DPDLV * 7VLRGUDV 7 /HVHQV ' 3HUURWLQ       
0  $Q $61 &RPSLOHU IRU (PEHGGHG6SDFH      
6\VWHPV ,Q (PEHGGHG 5HDO 7LPH 6RIWZDUH DQG      
6\VWHPV (576 7RXORXVH )UDQFH  )HEUXDU\       
*RRJOH6FKRODU
>0$/@ 0DOOHW $ 3DVWHXU & +HUUE 0 /HPDLJQDQ       
6 ,QJUDQG )  *HQR0 %XLOGLQJ     
0LGGOHZDUH,QGHSHQGHQW 5RERWLF &RPSRQHQWV ,Q   
,QWHUQDWLRQDO &RQIHUHQFH RQ 5RERWLFV DQG $XWRPDWLRQ     
,&5$ $QFKRUDJH $ODVND 8QLWHG 6WDWHV  0D\      
 '2, 52%27 *RRJOH   
6FKRODU
>3$,@ 3DLNDQ $ 3DWWDFLQL 8 'RPHQLFKHOOL '      
5DQGD]]R 0 0HWWD * 1DWDOH /  $ %HVW(IIRUW        
$SSURDFK IRU 5XQ7LPH &KDQQHO 3ULRULWL]DWLRQ LQ     
5HDO7LPH 5RERWLF $SSOLFDWLRQ ,Q ,QWHOOLJHQW 5RERWV     
DQG 6\VWHPV ,526 +DPEXUJ *HUPDQ\      
6HSWHPEHU   2FWREHU  '2,     
,526 *RRJOH 6FKRODU  




7+,6/,1(,17(17,21$//</()7%/$1.,16,1*/(&2/80102'('(/(7(%()25(68%0,66,21


